. Decades of research, including microbiological assessment of caries-active sites in humans and studies with experimental animals, have identified Streptococcus mutans as being involved in the caries process [Tanzer et al., 2001; Lemos and Burne, 2008; Takahashi and Nyvad, 2011; Lemos et al., 2013] . S. mutans is either not detectable or is present only in minor proportions on healthy tooth surfaces. In contrast, when conditions are favorable for the development of dental caries, generally as the consumption of dietary carbohydrate by the host increases and acidification of oral biofilms becomes more frequent and sustained, the proportions of S. mutans in oral biofilms significantly increase. S. mutans has multiple virulence attributes that make it an effective caries-associated organism [Kreth et al., 2005] , the most important of which appears to be its capacity to produce large quantities of organic acids (acidogenicity) from a wide range of carbohydrates, its ability to tolerate environmental stresses, particularly low pH (aciduricity), and its synthesis of multiple secreted proteins and water-insoluble glucan exopolysaccharides that together promote bacterial adhesion and accumulation on the tooth surface and with other bacteria [Lemos and Burne, 2008; Takahashi and Nyvad, 2011; Lemos et al., 2013] .
To compete for limited space and nutritional resources, oral bacteria have developed a range of strategies to survive and persist in the oral cavity. For example, S. mutans can lower the pH to the point where it is inhibitory to the growth of beneficial commensal organisms and synthesizes a variety of bacteriocins, often called mutacins, which can inhibit the growth of multiple species of bacteria commonly found in the human mouth. The production of mutacins is regulated by environmental factors, of which the most influential appear to be cell density, nutrient source, and oxygen [Merritt and Qi, 2012] . Notably, growth in the presence of oxygen significantly enhances transcription of bacteriocin-related genes, which may reflect evolutionary pressure on the organism to compete with commensals in relatively immature, oxygen-rich biofilms [Ahn et al., 2007] . Other factors, for example phosphate, can significantly delay or even inhibit mutacin production [Nguyen et al., 2009] , whereas growth in diluted medium (e.g. half-strength brain heart infusion, BHI) yields greater mutacin operon transcription and mutacin production, compared to cells grown in a richer medium [Kreth et al., 2005; Merritt and Qi, 2012] . Other streptococcal species can also produce and secrete antimicrobial substances that suppress the growth of S. mutans, including hydrogen peroxide (H 2 O 2 ). For example, Streptococcus sanguinis and Streptococcus gordonii produce sufficient amounts of H 2 O 2 to inhibit growth of S. mutans [Kreth et al., 2005] , mainly via a pyruvate oxidase enzyme encoded by the spxB gene. H 2 O 2 production by S. gordonii [Zheng et al., 2011b] , but not S. sanguinis, seems to be inversely correlated with carbohydrate availability [Zhu and Kreth, 2012] . S. oligofermentans can also produce H 2 O 2 from lactic acid through lactate oxidase [Tong et al., 2007] and less efficiently using L-amino acid oxidase enzymes. Moreover, facultatively anaerobic lactic-acid bacteria, including commensal oral streptococci, were shown to have vigorous oxygen metabolism catalyzed by flavin-containing NADH oxidases, some of which yield H 2 O 2 as an end product [Marquis, 1995] .
A selected group of oral bacteria can produce ammonia (NH 3 ) from arginine metabolism to increase intracellular pH and the pH of oral biofilms [Huang et al., 2015] . Arginine metabolism occurs primarily via the arginine deiminase system (ADS) and plays major roles in plaque pH homeostasis and in the inhibition of caries [Burne and Marquis, 2000; Nascimento and Burne, 2014] . Clinical and laboratory evidence supports a positive relationship between ADS activity in oral biofilms and dental health [Stephan, 1944; Turtola and Luoma, 1972; Kleinberg, 1978; Sissons and Cutress, 1988; Margolis et al., 1988; Nascimento et al., 2009 Nascimento et al., , 2012 . Known oral arginolytic (ADS-positive) bacteria include S. sanguinis, S. gordonii, Streptococcus ratti, Streptococcus parasanguinis, Streptococcus intermedius, Streptococcus australis, Streptococcus cristatus, certain Lactobacillus species and a few spirochetes [Burne and Marquis, 2000; Huang et al., 2015 Huang et al., , 2016 . Studies using laboratory strains of streptococci indicate that the expression of ADS genes is typically inducible by arginine and sensitive to carbohydrate catabolite repression, but also that low pH and anaerobic conditions enhance ADS gene expression [Curran et al., 1998; Dong et al., 2002 Dong et al., , 2004 Liu et al., 2008; Huang et al., 2012b] . A survey of a spectrum of supragingival clinical isolates demonstrated that ADS gene expression can be highly variable within and between species, and that the variability was attributable to both constitutional and environmentally modulated differences in the expression of ADS activity [Huang et al., 2015] .
Antagonism between beneficial commensals and cariogenic bacteria is a major factor that affects the composition and ecology of supragingival biofilms. Oral bacteria that can moderate plaque acidification and interfere with the growth and virulence of caries pathogens play central roles in promoting the formation and stability of healthassociated oral biofilm communities. A better understanding of the mechanisms used by certain commensals to compete with cariogenic bacteria will support the development of new strategies for caries risk assessments and interventions. Considering that isolates that have a high potential to catabolize arginine would be particularly beneficial to the host if they could also suppress the growth of caries pathogens, this study aimed to examine the capacity of selected oral arginolytic isolates to antagonize the growth of S. mutans or to be inhibited by S. mutans.
Materials and Methods

Bacterial Strains, Media, and Growth Conditions
The reference strains S. mutans UA159 and S. gordonii DL1, along with 56 ADS-positive low-passage clinical isolates, were routinely grown in BHI broth (3.7% containing a final concentration of 2 g of glucose/L; Difco Laboratories, Detroit, MI, USA) or on BHI agar plates. The arginolytic strains had previously been isolated from supragingival dental plaque samples of caries-free (CF) and caries-active (CA) subjects [Huang et al., 2015] . The strains were characterized by 16S rRNA gene sequencing and by ADS expression patterns under normal growth conditions and in response to pH, oxygen, and the availability of arginine and carbohydrate (see online suppl. Table S1 ; for all online suppl. material, see www.karger.com/doi/10.1159/000479091) [Huang et al., 2015] . Based on the complete 16S rRNA gene sequence, the arginolytic clinical strains used in this study were most similar (>98% rRNA sequence identity) to the following species: S. sanguinis (n = 38), S. parasanguinis (n = 1), S. intermedius (n = 5), S. gordonii (n = 5), S. australis (n = 2), and S. cristatus (n = 5). Several modified agar media were formulated with different carbohydrate sources and nutrient composition: TY (3% tryptone and 0.5% yeast extract) [Liu et al., 2008] supplemented with 25 mM galactose (TY + 25 mM galactose) or 25 mM glucose (TY + 25 mM glucose), a more dilute version of TY (1% tryptone, 0.2% yeast extract) supplemented with 25 mM galactose (TY-D + 25 mM galactose), half-strength TY + 25 mM galactose (1.5% tryptone, 0.25% yeast extract and 12.5 mM galactose) with or without 20 mM arginine, and half-strength BHI (1.85% BHI with a final concentration of 1 g of glucose/L).
Preparation of Gradient Agar Plates
Gradient BHI or TY + 25 mM galactose agar plates were used to detect the influence of nutritional gradients on the antagonistic capacity of the tested strains. Briefly, 15 mL of agar (constituted in dH 2 O and without nutrients) were poured into the plates, and the plates were tilted. After the agar had solidified (approx. 1 h after pouring the agar), the plates were placed in a horizontal position, and another 15 mL of BHI or TY + 25 mM galactose agar were poured as the top layer.
Preparation of Saliva Agar
Saliva agar plates were used for bacterial competition assays and prepared as previously described [De Jong et al., 1986] , with certain modifications. Whole stimulated saliva was collected from members of our laboratory by asking them to chew on sterile paraffin wax. Informed consent was obtained from all saliva donors under a protocol reviewed and approved by the Institutional Review Board of the University of Florida Health Science Center. The saliva donors were not users of oral hygiene products containing compounds with strong antimicrobial activities (prescription antimicrobials) nor were they being treated with antimicrobial drugs at the time of saliva collection. The saliva samples were pooled and subsequently diluted with sterile demineralized water in a 2: 1 ratio. Dithiothreitol was added to the saliva mix to a final concentration of 2.5 mmol/L, and then the saliva mix was slowly stirred for 10 min. To inactive catalase and peroxidase enzymes, the saliva mix was heated at 60 ° C for 10 min, centrifuged, and filter-sterilized. Glucose, galactose, or arginine was added to the treated saliva to a final concentration of 5 mM. Finally, 5 mL of melted 6% agar (approx. at 50 ° C and constituted in dH 2 O) was mixed with 15 mL of the saliva media and immediately poured into sterile Petri dishes.
Competition Assays TY + 25 mM galactose, TY + 25 mM glucose, half-strength BHI and BHI agar plates were used for competition assays between the arginolytic strains and S. mutans UA159. Overnight cultures of each strain grown in BHI broth had their optical density at 600 nm (OD 600 ) adjusted to 0.5. Each strain (6 μL) was then inoculated adjacent to one another on agar plates as follows: (i) arginolytic strains first, followed by UA159 24 h later; (ii) UA159 first, followed by arginolytic strains 24 h later; (iii) arginolytic strains and UA159 inoculated at the same time. The plates were incubated for an additional 24 h at 37 ° C, in 5% CO 2 and 95% air. AlphaEaseFC software was used to measure the zones of growth inhibition on all tested agar media.
Of the 56 arginolytic strains tested, 10 strains were selected for further assessments of the environmental factors that may influence their antagonistic capacity. The selection criteria were based primarily on differences in species and antagonistic capacities against S. mutans UA159, as compared to the reference strain S. gordonii DL1. The 16S rRNA gene sequences of the selected strains were most similar (>98% identity) to 5 bacterial species: S. sanguinis, S. parasanguinis, S. gordonii, S. australis, and S. cristatus.
Half-strength TY + 25 mM galactose plates with or without 20 mM arginine were used to assess the effect of arginine availability on antagonistic potential. Competition assays were also performed in anaerobic (85% N 2 , 5% CO 2 , 10% H 2 ) or aerobic (5% CO 2 , 95% air) conditions to assess the impact of oxygen. To further explore the mechanisms of growth inhibition by S. mutans UA159, 2.5 μg/ μL of catalase (2,950 units/mg solid, Sigma, St. Louis, MO, USA) or 1 μg/μL proteinase K (7.5 units/mg solid, Sigma, St. Louis, MO, USA) was added to the agar plates. Specifically, 6 μL of overnight cultures of arginolytic bacteria were spotted on the agar plates. Next, 5 μL phosphate-buffered saline (PBS: 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 × 7H 2 O, 1.4 mM KH 2 PO 4 , pH 7.3), or catalase or proteinase K in PBS, was applied adjacent to the inoculation spot on the agar plate or before spotting 5 μL of an overnight culture of UA159 as follows: (a) arginolytic bacteria first, followed by UA159 24 h later, or (b) arginolytic bacteria first, followed by UA159 immediately after. 91 37 ° C aerobic incubator. The cultures were then shaken at 200 rpm in a 37 ° C aerobic shaker/incubator for 30 min. The assay for H 2 O 2 production was performed as previously described [Tong et al., 2007] with some modifications. First, 0.6 mL of culture supernatant was added to 0.6 mL of a solution containing 2.5 mM of 4-amino-antipyrine (4-amino-2,3-dimethyl-1-phenyl-3-pyrazoline-5-one; Sigma) and 0.17 M phenol (Fisher Scientific, Pittsburgh, PA, USA). After 4 min of incubation at room temperature, horseradish peroxidase (Pierce, Thermo Scientific, Grand Island, NY, USA) diluted in 0.2 M potassium phosphate buffer (pH 7.2) was added to the reaction solution at a final concentration of 13 mU/mL. After 20 min of incubation at room temperature, the culture absorbance was measured at OD 510 . A standard curve with known concentrations of fresh H 2 O 2 (30% w/w, Fisher Scientific) was generated at each time the assays were performed.
Activity of H 2 O 2 -Generating Oxidase Enzymes
To measure the activity of certain H 2 O 2 -generating enzymes, BHI overnight cultures of the selected arginolytic bacteria were centrifuged at 4,000 g for 10 min, washed twice with 2 mL of PBS, and the pelleted cells were resuspended in 2 mL of PBS. Aliquots of the cell suspension were used for determining lactate oxidase activity, and the remaining cell suspensions were permeabilized for determination of pyruvate oxidase, L-arginine oxidase, and NADH oxidase activities by mixing the cell suspension with 0.02 volumes of toluene-acetone (1: 9, v/v) and vortexing the mixture for 2 min. The protein concentration in the cell preparations was determined by using a Pierce BCA protein assay kit (Waltham, MA, USA) with bovine serum albumin as the standard Huang et al., 2016] .
Pyruvate oxidase activity was determined by measuring the production of acetyl phosphate [Fowler et al., 2011; Liu et al., 2012; Huang et al., 2016] , with some modifications. The reaction mixture consisted of 0.45 mL of the permeabilized cell suspension and 0.45 mL of a solution containing 50 mM potassium phosphate buffer (KPO 4 ; pH 6.0), 10 μM MgCl 2 , 0.2 μM thiamine pyrophosphate (Sigma), 50 mM potassium pyruvate, and 12 μM flavin adenine dinucleotide (Sigma). Controls included reactions without permeabilized cells or without potassium pyruvate. The reaction mixtures were incubated at 37 ° C for 30 min with shaking at 250 rpm, and the amount of acetyl phosphate generated during the reaction was then measured as follows. Aliquots of cell suspensions (0.3 mL) were preincubated at 37 ° C for 1 min in a 111002 heat block (Boekel Scientific, Feasterville, PA, USA) followed by the addition of 50 μL of 2 M hydroxylamine hydrochloride solution, and further incubation at 60 ° C for 5 min in the heat block. Next, 100 μL of a development solution containing equal volumes of 0.5 M ferric chloride in 5 M HCl and 30% trichloroacetic acid was added to the reaction solution, and color was allowed to develop for at least 1 min at room temperature. The samples were centrifuged, and the absorbance of the supernatants was measured at OD 540 . A standard curve was generated with known concentrations of lithium potassium acetyl phosphate (Sigma).
The activity of lactate, L-arginine and NADH oxidases was assessed by measuring H 2 O 2 production Huang et al., 2016] . For lactate oxidase assays, 0.45 mL of intact cells was added to 0.45 mL of 0.2 M sodium phosphate buffer (pH 7.0) containing 20 mM sodium L-lactate. The mixtures were incubated at 37 ° C with shaking at 250 rpm for 30 min. For L-arginine oxidase assays, 0.45 mL of permeabilized cell suspensions was added to 0.45 mL of 0.2 M sodium phosphate buffer (pH 7.0) containing 20 mM L-arginine. The mixtures were incubated at 37 ° C with shaking at 250 rpm for 2 h. For NADH oxidase assays, 0.45 mL of permeabilized cell suspensions was added to 0.45 mL of 0.2 M sodium phosphate buffer (pH 7.0) containing 13 mM NADH. The mixtures were incubated at 37 ° C with shaking at 250 rpm for 3 h, and the concentration of H 2 O 2 in the supernatants was determined. Controls included reaction solutions without sodium salts of Llactate, L-arginine, or NADH, respectively.
Statistical Analysis
For descriptive analysis, the distributions of percentages and means were calculated when appropriate. The Student t test was used to analyze the influence of growth conditions (TY + 25 mM galactose vs. TY + 25 mM glucose, half-strength BHI vs. BHI), source of the isolate (CF vs. CA subjects), and the zones of inhibition of S. mutans grown with or without arginine. Two-way ANO-VA was used to analyze the influence of the type of strain and growth conditions, and the Dunnet t test in ANOVA was used to compare the strains' growth in a given condition. The level of significance was determined at p < 0.05. Table 1 shows the mean average of the growth inhibition zones of the closest relative species representing the 56 arginolytic strains tested for antagonistic capacity on and by S. mutans UA159. The growth of all arginolytic strains was inhibited when S. mutans was inoculated first on the different media tested. However, clinical strains of S. sanguinis, S. parasanguinis, S. gordonii, S. australis, and S. cristatus could inhibit the growth of UA159 to various degrees when inoculated first on the different media tested. Strains of S. intermedius were the only group that was not able to inhibit the growth of S. mutans when inoculated first or simultaneously on the various agar media. When inoculated first on TY + 25 mM galactose, strains of S. gordonii, S. australis, and S. cristatus showed greater inhibition of S. mutans, compared to the reference strain S. gordonii DL1. When inoculated first on TY + 25 mM glucose plates, strains of S. australis and S. cristatus also presented greater inhibition of S. mutans, compared to the reference strain. Overall, S. australis displayed the strongest inhibitory effects on S. mutans when inoculated first onto TY agar, whereas DL1 displayed the strongest inhibitory effects when inoculated first onto BHI agar.
Results
Arginolytic Strains Have a Highly Variable Capacity to Inhibit the Growth of S. mutans UA159
Strains of S. parasanguinis, S. sanguinis, S. gordonii, and S. australis could inhibit the growth of S. mutans to different degrees when inoculated simultaneously on By S. mutans UA159 S. gordonii DL1 -6.5 ± 0.2 a -2.4 ± 0.9 -1.7 ± 0.3 -1.6 ± 0.4 S. parasanguinis -5.6 ± 0.4 a -1.2 ± 0.2 -1.9 ± 0.7 -1.7 ± 0.6 S. intermedius -8.0 ± 0 -7.7 ± 0.6 -7.6 ± 1.0 -7.2 ± 1.4 S. gordonii -5.6 ± 2.1 a -1.5 ± 1.5 -4.8 ± 1.3 -4.3 ± 1.4 S. australis -6.3 ± 0.5 a -2.7 ± 1.0 -3.3 ± 0.3 -4.1 ± 0.4 S. sanguinis -6.4 ± 2.2 a -4.5 ± 2.2 -4.4 ± 2.3 -5.3 ± 2.2 S. cristatus -8.0 ± 0 a -4.8 ± 1.9 -6.5 ± 0.5 b -7.6 ± 0.6
The 56 arginolytic strains tested are grouped and listed by their closest relative species. Competition assays occurred as follows: (1) arginolytic strain first, followed by S. mutans UA159 24 h later; (2) S. mutans UA159 first, followed by arginolytic strain 24 h later; (3) arginolytic strain and S. mutans UA159 inoculated simultaneously. Positive values show that arginolytic strains inhibit the growth of S. mutans UA159 while negative values show that the growth of arginolytic strains was inhibited by S. mutans UA159. a p < 0.05: significant differences between TY + 25 mM galactose and TY + 25 mM glucose inhibition zones in a given species; b p < 0.05: significant differences between half-strength BHI and BHI inhibition zones in a given species. Isolation source refers to the caries status of the subjects from which the strains were isolated: CF, caries-free; CA, caries-active. * p < 0.05: statistically significant difference between the inhibition zones of strains isolated from CF versus CA within the same closest relative species and growth media.
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Caries Res 2018;52:88-101 DOI: 10.1159/000479091 93 TY + 25 mM galactose agar. Strains of S. gordonii and S. australis could also inhibit the growth of S. mutans when inoculated simultaneously onto half-strength BHI agar. In fact, strains of S. australis were the only group of clinical isolates capable of inhibiting S. mutans when inoculated simultaneously onto the media tested. Of note, S. australis showed greater inhibitory effects on UA159 than did S. gordonii DL1 when the clinical strains were inoculated simultaneously with UA159 on TY + 25 mM galactose or TY + 25 mM glucose plates.
Two strains of S. sanguinis isolated from CF subjects showed differences in their antagonistic capacity against S. mutans. Specifically, 1 strain of S. sanguinis (A17), for which the best BLAST match on 16S rRNA was S. sanguinis SK36, showed significant inhibition of S. mutans (2.1 ± 0.2 mm zone of inhibition when colonizing first, 1.3 ± 0.1 mm when colonizing simultaneously) on TY + 25 mM galactose plates, while another strain of S. sanguinis (A51), with a 16S rRNA sequence most similar to S. sanguinis ChDC B357, showed no capacity to inhibit the growth of S. mutans under any condition. Table 2 shows the mean of the zones of growth inhibition on S. mutans by strains with similar 16S rRNA gene sequence matches, but that were isolated either from CF or CA subjects. Strains isolated from CF subjects showed a significantly stronger inhibitory effect on S. mutans than those from CA subjects in the media tested, except for strains most similar to S. sanguinis JCM 5708 grown on TY + 25 mM glucose and BHI plates. Table 3 shows the mean average of the zones of growth inhibition on and by S. mutans of 10 arginolytic strains that were chosen to investigate in more detail some environmental factors that may affect their antagonistic capacities. All strains inhibited the growth of S. mutans to different degrees when inoculated first, except for A49 (best 16S rRNA gene sequence match: S. sanguinis JCM 5708). Growth in TY + 25 mM galactose, half-strength BHI or TY-D + 25 mM galactose under aerobic conditions appeared to favor the antagonistic effects of most arginolytic strains against S. mutans when they were inoculated first. S. mutans inhibited the growth of all arginolytic strains when it was inoculated first, especially in aerobic conditions. All strains inhibited the growth of S. mutans to differing degrees when inoculated simultaneously with UA159 on TY + 25 mM galactose, except for A52 (best 16S rRNA gene sequence match: S. cristatus ATCC 51100). However, all strains, including A52, inhibited the growth of S. mutans when inoculated simultaneously with UA159 on TY-D + 25 mM galactose under aerobic conditions. Competition assays occurred as follows: (1) arginolytic strain first, followed by S. mutans UA159 24 h later; (2) S. mutans UA159 first, followed by arginolytic strain 24 h later; (3) 
Factors Affecting the Antagonistic Capacity of Arginolytic Bacteria
Carbohydrate Source To explore how the source of carbohydrate on which the organisms were grown affected the antagonistic capacity of the arginolytic strains on or by S. mutans, the zones of inhibition on TY + 25 mM galactose were compared to those on TY + 25 mM glucose agar plates (Tables  1 and 3) . Clearly, a stronger antagonistic capacity against S. mutans was observed when the strains were grown on galactose.
Nutrient Availability Interbacterial antagonism was evaluated in diluted and modified versions of the full-strength media tested.
The concentration of nutrients affected antagonistic interactions, with greater antagonism of S. mutans being evident on TY-D + 25 mM galactose agar, compared to that seen on full-strength TY + 25 mM galactose (Table 3) ; TY-D contains 1/3 of the tryptone and yeast extract found in TY medium. For example, S. parasanguinis A1 could not inhibit S. mutans when inoculated simultaneously onto TY + 25 mM galactose but displayed strong inhibitory effects on UA159 onto TY-D + 25 mM galactose agar. An increased antagonistic capacity against UA159 was also observed when S. gordonii A11, S. australis A13, and S. cristatus A52 were inoculated simultaneously with S. mutans onto TY-D + 25 mM galactose agar. Gradient TY + 25 mM galactose agar plates were also used, and larger inhibition zones were evident in the regions of the Growth inhibition zones of arginolytic strains on S. mutans UA159 on saliva agar plates under different growth conditions. Arginolytic strains were inoculated first, and S. mutans UA159 was inoculated 24 h later. Arg, arginine. The table below the figure shows the mean average of inhibition zones ± standard deviation in millimeters. * p < 0.05, ** p < 0.01, *** p < 0.001: the inhibition zone of the arginolytic strain on S. mutans UA159 is significantly different compared to S. gordonii DL1 in a given growth condition.
plates that contained lower nutrient concentrations (see online suppl. Fig. S2 ). Specifically, growth of S. mutans was completely inhibited by S. sanguinis A17 and A42 (see online suppl. Fig. S2 ) in the area of the plates containing lower concentrations of nutrients. Saliva agar plates supplemented with galactose or glucose, and with or without arginine, were used to mimic nutritional conditions in the oral cavity. All strains displayed substantial antagonistic capacity against S. mutans on saliva agar (Fig. 1) , but antagonism was more pronounced when galactose was the primary carbohydrate source, as compared with glucose. The addition of arginine to the saliva plates clearly enhanced the antagonistic capacity of the strains, especially when the medium was supplemented with galactose instead of glucose.
Oxygen While anaerobes do persist, and in some cases thrive in the oral cavity, the microorganisms in all habitats of the human mouth are exposed continuously to relatively high concentrations of oxygen [Marquis, 1995] . To explore how the presence of oxygen influenced the antagonistic capacity of the arginolytic strains on and by S. mutans, growth on TY-D + 25 mM galactose was compared under aerobic and anaerobic conditions (Table 3) . In all cases, growth in aerobic conditions favors the antagonistic capacity of the arginolytic strains against UA159. Figure 2 illustrates the zones of growth inhibition of the arginolytic strains on and by S. mutans UA159 on agar plates containing catalase or proteinase K, or an equivalent amount of the carrier (PBS) used for these enzymes as control. Irrespective of the inoculation order of commensals and S. mutans, no zones of inhibition were observed in media containing catalase. Figure 3 shows that there was substantial variation in the capacity of the different strains to produce H 2 O 2 under the conditions tested (see Methods for details). Two-way ANOVA supported that the type of strain and the growth conditions influenced the production of H 2 O 2 (p < 0.001; Fig. 3a) . Generally speaking, greater levels of H 2 O 2 were measured after growth in TY-D + 25 mM galactose broth, as compared to TY + 25 mM galactose broth (p = 0.002) and TY + 25 mM glucose broth (p < 0.001). The presence of glucose inhibited H 2 O 2 production by all strains compared to galactose (p = 0.022). Of note, the strains A52 (best 16S rRNA gene sequence match: S. cristatus ATCC 51100) and A55 (best 16S rRNA gene sequence match: S. cristatus F0329) produced significantly more H 2 O 2 compared to the other strains in all growth conditions tested (p < 0.001).
H 2 O 2 Is a Primary Antagonistic Compound Produced by the Arginolytic Isolates
To determine the primary metabolic pathways for the production of H 2 O 2 by the commensal streptococci, the activity of various H 2 O 2 -generating oxidases was assayed as detailed in the Methods section (Fig. 3b-e) . The strains S. parasanguinis A1, S. gordonii A10, S. australis A13, S. sanguinis A42, S. cristatus A52, and S. cristatus A55 presented with higher levels of pyruvate oxidase activity, compared to the reference strain of S. gordonii DL1 (p < 0.001). S. gordonii A10 and A11, and S. cristatus A52 and A55 also produced significant quantities of lactate oxidase, which during the conversion of lactate to pyruvate generates H 2 O 2 . All strains produced very low levels of L-arginine oxidase activity and NADH oxidase activity under the growth conditions tested.
S. mutans UA159 Inhibits the Growth of Arginolytic
Bacteria when Inoculated First S. mutans UA159 could inhibit the growth of all the arginolytic strains if inoculated first, albeit to differing degrees. Strains of S. cristatus and S. intermedius appeared to be more sensitive to inhibition by UA159 compared to S. parasanguinis, S. gordonii, and S. australis (Tables 1 and 3). Table 3 and Figure 4 show that the antagonistic capacity of UA159 on the arginolytic strains was also affected by the carbohydrate source, richness of the medium, and presence of arginine or oxygen. Table 3 shows that oxygen favors the antagonistic capacity of S. mutans against the arginolytic strains, which is consistent with the observation that growth in aerobic conditions induces mutacin gene expression [Ahn et al., 2007] . Arginine was shown to significantly enhance the resistance of arginolytic strains to inhibition by S. mutans during growth in either aerobic or anaerobic conditions. Significantly smaller zones of inhibition were elicited by S. mutans against the arginolytic strains during aerobic growth in the presence of arginine, as compared to growth without arginine (p < 0.01), with the exception of S. sanguinis A42 and S. cristatus A55 (p > 0.05). Figure 4c shows no zones of inhibition of S. mutans with S. gordonii A11, or with S. australis A12, or S. cristatus A52 during anaerobic growth in the presence of arginine (p < 0.001).
Discussion
The application of new molecular methodologies, such as next-generation sequencing, to the study of the human oral microbiome has revealed remarkable diversity in the microbiota in oral biofilms [Mager et al., 2003; Corby et al., 2005; Aas et al., 2008; Dewhirst et al., 2010; Gross et al., 2010; Crielaard et al., 2011; Burne et al., 2012] . Inherent to the ecological view of any natural environment is that bacterial populations evolve competitive and cooperative strategies to survive and persist. For example, antagonism between beneficial commensals and cariogenic bacteria is an example of a strategy used by bacteria to survive in supragingival biofilms, and is also a major factor that shapes the composition and ecology of biofilms. However, the evolutionary mechanisms that select for and maintain traits that benefit certain bacteria and populations in the oral cavity, ultimately affecting dental health, are not well characterized. This study investigated the antagonistic potential of a spectrum of low-passage clinical isolates of commensal arginolytic strains against and by the strongly cariogenic and well-characterized human isolate S. mutans UA159. Although previous studies have demonstrated the antagonistic capacity of laboratory strains of S. gordonii and S. sanguinis against S. mutans [Kreth et al., 2005 [Kreth et al., , 2008 Zhu and Kreth, 2012] , to our knowledge, this study is the first to focus on a diverse group of clinical isolates of known arginine metabolic capacity to compete with a cariogenic bacterium. Not only was there a great degree of heterogeneity in the capacity of strains to compete with S. mutans, but also the order in which the organisms were established and environmental factors greatly influenced the outcomes of interbacterial interactions. S. mutans UA159 consistently inhibited the growth of arginolytic bacteria when it was allowed to become established prior to inoculation of the commensal organisms. However, some arginolytic bacteria could also inhibit the growth of UA159 when they were inoculated first or simultaneously with UA159. Importantly, most of the arginolytic bacteria studied here, such as S. sanguinis, S. parasanguinis, S. gordonii, and S. cristatus, are pioneer colonizers of the tooth surfaces [Hojo et al., 2009; Wu and Xie, 2010; Liang et al., 2011] and therefore have the potential to become established on the teeth prior to acquisition of S. mutans. In fact, early colonization of S. sanguinis in the oral cavity of infants was shown to delay the colonization of mutans streptococci [Caufield et al., 2000] , which in turn has been associated with lower caries prevalence in the primary [Kohler et al., 1988] and permanent dentition [Kohler and Andreen, 2012] . Thus, early establishment on tooth surfaces of strongly arginolytic strains with high capacities to compete with S. mutans in oral biofilms may be a potent deterrent to the initiation of carious lesions.
Long-term persistence of an organism in a complex ecosystem requires effective mechanisms to prevent being dominated or eliminated by competitors [Hibbing et al., 2010] . In the context of dental caries, lesions begin to form on tooth surfaces when the cycles of acidification outweigh those of alkalization of oral biofilms, driving the eventual emergence of a more aciduric microflora and lowering biofilm pH levels, which results in a net loss of tooth mineral [Burne and Marquis, 2000; Huang et al., 2012c] . Metabolic activities by oral bacteria that help to promote a more neutral pH and to prevent the outgrowth of cariogenic species should have a strong anticaries effect. Importantly, ammonia production from arginine metabolism is a typical example of a strategy used by many abundant oral streptococci to survive acidification of oral biofilms and to compete with bacteria in oral biofilms that can better tolerate acidic conditions. A microflora that is both robustly arginolytic and capable of interfering with the colonization, growth or expression of virulence attributes of S. mutans should be beneficial to the host.
In this study, the antagonistic capacity of the arginolytic strains on S. mutans UA159 varied significantly between different species, between isolates of the same taxa, and between strains isolated from subjects of different caries status. The agar-based inhibition assay used in this study is routinely used to assess the ability of S. mutans to inhibit the growth of commensals as mutacins are optimally produced in colonies on agar plates. The assay is also consistent, reliable, and suitable for screening of a large number of clinical strains. A wide spectrum of antagonistic capacity against S. mutans was observed among strains of S. intermedius, S. sanguinis, S. parasanguinis, S. gordonii, S. australis, and S. cristatus. More specifically, strains of S. intermedius showed no antagonistic capacity against S. mutans, whereas strains of S. australis showed the highest capacity to inhibit the growth of S. mutans when inoculated first or simultaneously on the different media tested. Furthermore, 2 strains of S. sanguinis isolated from a CF subject, most similar in 16S rRNA gene sequence to SK36 and ChDC B357, also presented different antagonistic capacities against S. mutans. A strain of S. gordonii (A8, 16S rRNA gene sequence most similar to str. Challis substr. CH1) isolated from a CF subject presented a greater inhibitory effect on S. mutans compared to a similar strain (A7) isolated from a CA subject. In fact, strains isolated from CF subjects generally displayed stronger antagonistic capacity against S. mutans than those from CA subjects. This observation provides support for the hypothesis that there is significant heterogeneity in the phenotypic capabilities across and within species of oral bacteria that can impact their influence on oral health and caries development Palmer et al., 2013] . According to Hibbing et al. [2010] , the com-bination of rapid growth rates and large population sizes results in the introduction of many unique mutations in bacterial species, which can mediate competition even between genetically identical individuals in a population. These data emphasize the need to expand efforts on comprehensive comparative genomics of abundant commensals associated with CA and CF individuals and to use this information to establish whether there are genotypes or clearly definable genetic differences that can allow for the discrimination of commensals that are beneficial from those that are merely not harmful, or that may be overtly harmful, such as the low-pH streptococci described initially by van Houte et al. [1996] . Thus, we plan to obtain complete genome sequences for a large collection of commensal streptococci that display a spectrum in potentially beneficial phenotypic behaviors.
Mutacin production by S. mutans, ADS expression and H 2 O 2 production by commensal oral streptococci, and a variety of other factors that may influence the persistence of these species in oral biofilms are subject to regulation by enviromental inputs and other signals [Lemos et al., 2005; Ahn et al., 2007; Lemos and Burne, 2008; Kreth et al., 2009 Kreth et al., , 2011 Burne et al., 2012; Huang et al., 2015] . The findings presented here clearly show that nutrient source and availability, oxygen and other factors (e.g. factors susceptible to proteinase K) profoundly affect the competition between commensal/beneficial streptococci and a caries pathogen. During fasting periods, galactose is one of the more abundant carbohydrates secreted into the oral cavity [Caldwell and Pigman, 1966] and certain commensal streptococci have a higher capacity to transport and metabolize galactose than most S. mutans isolates . Periodic ingestion of dietary carbohydrates provides other carbohydrates to oral bacteria, such as glucose, which leads to rapid acid production by S. mutans but can also lead to repression of ADS gene expression via carbohydrate catabolite repression. Moreover, H 2 O 2 production may also be downregulated by carbohydrate catabolite repression [Zheng et al., 2011a] . Our findings revealed greater inhibition of growth of S. mutans by arginolytic strains and higher levels of H 2 O 2 production when cells were grown with galactose as the primary carbohydrate source, compared to glucose. Other factors favoring the antagonistic capacity of, and H 2 O 2 production by, arginolytic bacteria included decreased availability of nutrients in tryptone and/or yeast extract, and the presence of arginine or oxygen. Particularly, arginine has recently been shown to influence the architecture and physicochemical properties of the biofilm matrix formed in mixed cultures of S. mutans UA159 and S. gordonii DL1 [He et al., 2016] . Arginine decreased the expression of gtfB, encoding an enzyme involved in water-insoluble glucan synthesis, and a bacteriocin (SMU.150), while increasing the expression of spxB of S. gordonii, which produces H 2 O 2 from pyruvate.
Our findings expand our knowledge of the effects of arginine metabolism on the ecology of oral biofilms, and clearly demonstrate that there is a profound heterogeneity among commensal streptococci in their arginolytic and antagonism capacities, which cannot be discerned simply by 16S rRNA gene sequence comparisons. Certain commensals may have a particularly beneficial impact on the ecology of oral biofilms by synergistically moderating plaque pH and antagonizing the growth and virulence of caries pathogens, and perhaps periodontal pathogens, through H 2 O 2 production and other metabolic mechanisms. Future studies should evaluate the ability of a select subset of commensal strains to antagonize other caries pathogens (e.g. Scardovia, Lactobacilli). Of significant clinical relevance, our approach coupled with analysis of the genomes of these organisms can guide the formulation of probiotic preparations composed of beneficial commensals for control of oral diseases.
